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Gation-anion relationships in crop nutrition
I. Factors affecting cations in Italian rye-grass
BY R. K. CUNNINGHAM
Rothamsted Experimental Station, Harpenden, Herts.
(Received 14 November 1963)
The chemical composition of plants depends on
many things, the species, the type of soil, the
climate, the manuring, and it also changes during
the growing season as different results can be
obtained from samples of the same plant taken at
different times. For plant analysis to be used in
assessing the nutrient status and manurial require-
ments of crops there is need for knowledge not only
about the above factors which can affect the
chemical composition of crops but also about
others that are less obvious, such as ion inter-
actions. Ions can interact in two ways called
antagonism and synergism; antagonism means
that the uptake of one ion decreases the uptake of
another ion and synergism that uptake of one
increases the uptake of another.
Competition for the same sites on specific
'carriers' (Epstein, 1956) is the most widely
accepted explanation of antagonism between ions
but an earlier suggestion was that it arose between
cations because the sums of the cations in plants
(Na + K + Ca + Mg, expressed in m-equiv./lOO g.
dry matter) were constant. If true, this would
explain how increasing uptake of one cation
depresses the uptake of others, van Italie (1938)
found that the sums of the cations in rye-grass
were constant even when the concentration of
individual cations differed greatly. Bear & Prince
(1945) and Wallace, Toth & Bear (1948) confirmed
this for lucerne; Lucas & Scarseth (1947) concluded
that crops rich in bases had constant cations.
Support for the idea that total cations in plants
are constant was also given by Woodbridge (1955)
and Hashimoto (1955) working with apples and
soya beans. In contrast, York, Bradfield & Peach
(1954) found that the sums of the cations were
constant in lucerne but not in maize or sudan grass.
Also, Dijkshoorn (1957a) with rye-grass, Scharrer &
Jung (1957) with maize and sunflower and Ven-
kataraman & Tejwani (1961) with tobacco, found
that the sums of the cations were not constant.
My work was planned to find whether the sums
of the cations in Italian rye-grass were constant
and, if not, to investigate the factors causing them
to vary.
MATERIAL AND METHODS
Samples and sites
Over 100 samples of the tops of Italian rye-grass
were collected from thirteen places in Britain
ranging from Aberdeen to Devon and from Aberyst-
wyth to Suffolk. The grass consisted of six strains
but was mainly S 22; it was grown on twenty soils
in five seasons (1957-61) and had received different
amounts of NPK fertilizer; it was cut at various
stages of growth between April and September.
Details of soils, fertilizer treatments, etc., are given
elsewhere (Cunningham, 1963).
Preparation and analysis of plant material
After drying at 85° all samples were analysed for
N (a Kjeldahl method with copper sulphate as
catalyst), P (Kitson & Mellon, 1944), Cl (Husband
& Godden, 1927), S (Cunningham, 1962), Mg
(Scott, 1960), Na, K and Ca by flame photometry;
in determinating Ca, phosphate and sulphate were
removed with lanthanum chloride (Yofe & Finkel-
stein, 1958). Silicon in 51 samples was determined
gravimetrically using HF.
Presentation of results
Element concentrations in the grass were
expressed in m-equiv./lOO g. of oven-dry material.
However, some ions such as NO3~, H2PO4~ and
SO42~, which can be metabolized soon after entering
the plant, may not have been present as ions when
the plant was analysed; all elements therefore were
expressed in terms of the ions which entered the
plant. With Na+, K+, Ca2+, Mg2+, Cl~ and SO42~
there was no difficulty in selecting the correct ion
and valency but with other ions either the type or
valency were not known. Nitrogen caused the
biggest problem because it enters plants either as a
cation (NH4-N) or an anion (N03-N). The pro-
portions of NH^-N and N03-N entering plants
growing in soil are not known unless large amounts
of N03-N are added, when most of the N can be
assumed to be absorbed as nitrate. I assumed that
all the N entered plants as anions; provided this
convention was always followed, it was possible
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later to distinguish between plants absorbing
NH4-N and NOa-N. I also assumed that phosphate
was absorbed as monovalent ions because these
ions predominate below pH 6-5 whereas divalent
phosphate ions, HPO42-, are present in greater
proportions in neutral and alkaline solutions
(Buehrer, 1932). I originally assumed that silicon
entered the plant as divalent silicate although it
was unlikely that there were many silicate ions in
soil solution (Her, 1955).
The expressions, sum of the cations (Na + K +
Ca + Mg) and sum of the anions (N + P + Cl + S) are
abbreviated to 2 cations or 2 anions respectively.
RESULTS
Chemical composition of grass
The chemical composition of the 101 grass
samples differed greatly. The ranges of the percent-
ages of the various elements in oven-dry grass were:
Na (trace-2-12), K (1-26-5-00), Ca (0-41-1-23),
Mg (0-094-0-283), N (0-91-5-65), P (0-118-0-588),
Cl (0-41-1-99), S (0-127-0-748), Si (0-27-1-61).
Grouping of grass samples
The grass samples were divided into four groups.
Group 1 consisted of 29 samples that had either
received no N fertilizers or only NO3-N and also
contained little Na. Group 2 had 13 samples with
the same nitrogen manuring as the first group but
containing much Na. Group 3 contained 29
samples that had received small amounts of NH4-N
(10-50 lb. N/acre) and contained little Na. Group 4
had 30 samples that had received either much
NH4-N (50-200 lb. N/acre) or only small amounts of
NH4-N but containing much Na. Five samples that
received no N but contained much Cl were also
included in this last group. Values for 2 cations,
S anions (with and without Si) and % N were
found for all samples (for details see Cunningham,
1963).
The sums of the cations in Italian rye-grass and their
relationships with sums of the anions (including and
excluding silicon)
The sums of the cations in Italian rye-grass
ranged from 80 to 205 m-equiv./lOO g. dry matter
but were related to 2 anions, which ranged from
131 to 508 m-equiv./lOO g. with Si and from 104 to
496 m-equiv./lOO g. without Si; large amounts of
cations were often accompanied by large amounts of
anions and plants with few cations often had few
anions. The correlation between 2 cations and
2 anions without Si (r = +0-65***) in 51 samples
grown at the various centres was a little better
than the correlation between 2 cations and 2
anions with Si (r = +0-60***).
The effect of form of nitrogen, sodium and chloride
on the relationships between sums of the cations and
sums of the anions
The relationships between 2 cations and 2
anions were complicated because they depended
on the form of N (NH4-N or N03-N) given to the
grass and on the amount of Na and Cl in the grass.
Correlations between 2 cations and 2 anions
without silicon were better when the samples were
grouped as already described (r = +0-93***,
+ 0-85***, +0-83*** and +0-79*** in Groups 1-4
respectively). The relationships between 2 cations
and 2 anions in these four groups are shown in
Figs, la, 6, c and d and are expressed by the
following equations:
Group 1 C = 54-25 + 0-454,
(±0-03)
Group 2 0 = 16-81 + 0-774 - 0-00085242,
(±0-25) (±0000374)
Group 3 G = 39-02 + 0-564 - 0-00064042,
(±0-10) (±0-000171)
Group 4 G = 18-28 + 0-584-00007284s,
(±0-21) (±0-000376)
where 0 = 2 cations and 4 = 2 anions (m-equiv./
100 g.).
For the same 2 anions value, grass with added
NOS-N and containing much Na (Group 2), had
smaller 2 cations values than grass receiving the
same form of N but having little Na (Group 1).
Grass grown with 10-50 lb. NII^N/acre (Group 3),
for the same 2 anions, had smaller 2 cations values
than samples in Groups 1 and 2, but larger 2 cations
values than grass given 50-200 lb. NH4-N/acre
(Group 4).
Three samples in Group 4 received 1121b.
NH4 -N/acre but behaved as though they had
received less NH4-N. This may be because the
NH4-N was applied in solution when the soil was
warm and therefore nitrified quickly. These three
samples are shown in Fig. Id but were excluded
from the calculations of the regression equation for
Group 4.
Relationships between sums of the cations and
nitrogen concentrations
Nitrogen provided more than 70 % of 2 anions
in the 101 Italian rye-grass samples and 2 cations
were well correlated with % N (r = +0-87***,
+ 0-85***, +0-80*** and +0-69*** in Groups 1-4
respectively). The relationships between 2 cations
and % N are shown in Fig. 2a-d and are expressed
by the following equations:
Group 1 C = 67-96 + 38-552V
(±4-19)
Group 2 0 = 38-79 + 57-64N-5-45JV2,
(±16-16) (±2-06)
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Group 3 0 = 61-35 + 40-342V-4-OOi^ 2,
(±8-40) (±1-34)
Group 4 0 = 61-87 + 29-902V-3-082V2,
(±15-40) (±2-74)
where 0 = 2 cations (m-equiv./100 g.) and N = %
N in dry matter.
DISCUSSION
Relationships between sums of the cations and sums
of the anions
The sums of the cations (Na + K + Ca + Mg in
m-equiv./lOO g.) in Italian rye-grass were not
constant, conflicting with reports of earlier workers
(van Italie, 1938; Bear & Prince, 1945) for other
plants but agreeing with those of Scharrer & Jung
(1955a, b) for wheat, rye-grass and sunflowers and
of Dijkshoorn (1957a) for perennial rye-grass.
However, the sums of the cations did not vary
haphazardly, but were related to 2 anions as shown
in Figs, la, b, c and d and the correlation between
2 cations and 2 anions was better when Si was
excluded. According to Her (1955), there are few
silicate ions below pH 9 and McKeague & Cline
(1963) have shown that 'soluble silica' in soil
solution is in the monomerie form, presumably
hydrated as monosilicic acid, Si(OH)4. The pH of
normal soils is below 9 and this may mean that the
'soluble silica' in soil solutions does not enter the
plant as an ion. Therefore, Si was not included with
the anions in the rest of this work.
Factors affecting the relationships between the sums
of the cations and sums of the anions
A comparison of Figs, la—d shows that the
relationship between 2 cations and 2 anions
depended on the form of N added and the level of
Na and Cl in the plant.
The most important factor was the form of N
provided by fertilizers and the curves in Figs, la,
c and d show that, at the same 2 anions value,
Italian rye-grass given increasing amounts of
NH4-N contained decreasing 2 cations. This is
probably because much of the added N entered the
plant as a cation but in the convention described
earlier all N was considered to enter as an anion.
Another possibility is that greater absorption of
NB^-N by the grass may decrease the absorption
of other cations.
Increased uptake of Na also affected the relation-
ship between 2 cations and 2 anions. Figs, l a
and 6 show that, at the same 2 anions values, large
Na contents in Italian rye-grass lessened 2 cations
even when N03-N was added. The same effect was
obtained with six samples in Group 4 given small
amounts of NH4-N but containing much Na and
which behaved as though they had received large
dressings of NH4 -N. More Na in the plant prevented
entry of other cations but there was not equivalent
replacement. Smith, Reuther, Specht & Hrnciar
(1954) found that K, Ca and Mg substituted for
one another in equivalent amounts in citrus but
Emmert (1961) found no evidence of equivalent
replacement between pairs of ions in other plants.
In the work reported here luxury uptake of Na,
which is not required by most plants in large
amounts, replaced more than its equivalent of
other cations (K + Ca + Mg) which are needed in
much larger amounts.
In Group 4 there were five samples not given
fertilizer N but containing much Cl and they
behaved as though they had received a large
amount of NH4-N. Luxury uptake of Cl by the
grass in this experiment replaced less than its
equivalent of other anions (N + P + S) when no N
was added.
Relationships between sums of the cations and
nitrogen concentrations
The relationships between 2 cations and % N in
the grass were investigated because the form of N
influenced the relationship between 2 cations and
2 anions and also more than 70% of 2 anions
consisted of N. Figs. 2 a, 6, c and d show that the
100 200 300 400 500 100 200 300 400 500
2anions (m-equiv./i00 g.)
Fig. 1. Relationships between 2 cations and 2 anions
in Italian rye-grass grown: (a) with no N added or
with NO3-N and containing little Na; (6) as (a) but con-
taining much Na; (c) with little NH4-N (10-50 lb.
N/acre); and (d) with much NH4-N (50-200 lb. N/aore).
7-2
https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0021859600015124
Downloaded from https://www.cambridge.org/core. BBSRC, on 01 Nov 2019 at 09:12:17, subject to the Cambridge Core terms of use, available at
100 R. K. CUNNINGHAM
200
Fig. 2. Relationships between S cations and % N in
Italian rye-grass grown: (a) with no N added or with
NO3-N and containing little Na; (6) as (a) but containing
much Na; (c) with little NH4-N (10-50 lb. N/acre); and(d) with much NH4-N (50-200 lb. N/acre).
relationship between £ cations and % N was as
close as that between £ cations and £ anions. When
the N level in plants varied little, 2 cations did not
vary and this is probably the reason why some
workers (van Italie, 1938; Bear & Prince, 1945)
found that the sums of the cations in plants were
constant.
Factors affecting the relationships between sums of the
cations and nitrogen concentrations
Figs. 2a-d showed that the relationship between
£ cations and % N in the grass were affected by the
form of N and level of Na and Cl in grass in the
same manner as described for the relationships
between £ cations and £ anions.
Maximum value of the sum of the cations in Italian
rye-grass
Dijkshoorn (19576) stated that the maximum
cation content in perennial rye-grass was 200 m-
equiv./lOO g. and he claimed that, when the grass
was saturated with cations, antagonism between
cations was greatly accentuated. In this work the
greatest value for £ cations in Italian rye-grass
with NO3-N and little Na was 205 m-equiv./lOO g.
However, Figs. \a-d and Figs. 2a-d showed that
the maximum level of total cations in Italian rye-
grass depended on the form of N and the amount of
Na and Cl taken up by the grass; the maximum
levels were approximately 190 m-equiv./lOO g.
with NO3-N and much Na, 160 m-equiv./lOO g.
with small amounts of NH4-N and 135 m-equiv./
100 g. with large amounts of NH4-N and no Na or
with small amounts of NH4-N and much Na or
with no added N and much Cl. When NO3-N and
no Na was added, the regression line in Fig. la
suggested that the maximum cation content prob-
ably had not been reached at 200 m-equiv./lOO g.
and would increase when £ anions increased.
Similar results were obtained from Fig. 2 a which
gives the relationship between £ cations and % N.
Consequently, Dijkshoorn may have underesti-
mated the maximum possible total cation level in
rye-grass and further work is needed to see if there
is a saturation level for £ cations in rye-grass.
SUMMARY
Tests were done with more than 100 Italian rye-
grass samples to find whether £ cations (Na + K +
Ca+Mg in m-equiv./lOO g. dry matter) in the grass
were constant. When they were found to vary, the
factors influencing them were investigated. The
sums of the cations in rye-grass ranged from 80 to
205 m-equiv./lOO g. dry matter and it is therefore
unlikely that cation antagonisms occur because
£ cations remain constant within plants. However,
£ cations were positively correlated with £ anions
(N + P + Cl+S in m-equiv./lOO g. dry matter) and
with % N in the grass and the correlation between
£ cations and £ anions was better when Si was
omitted; Si probably does not enter the plant as
an ion. The relationships between £ cations and
both £ anions and % N depended on the form of N
(NH4-N or NO3-N) taken up by the grass and were
also influenced by large uptakes of Na and Cl.
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